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TECHNICALNOTE3643

MEASUREMENTOFAERODYNAMICFORCESFOR

VARIOUSMEANANGLESOFAI’’I!ACKONAN AIRFOILOSCILLATING

INPITCHANDONTWOFINITE-SPANWINGSOSCILLATINGIN

BENDINGWITHEMPHASISONDAMP~G

ByA. GeraldRainey

ENMMAIw

INTHESTALL

Theoscillatingairforcesona two-dimensionalwingoscillating
inpitchaboutthemidchordhavebeenmeasuredatvariousmeananglesof
attackandatMachnunbersof0.3’5andO.7. Themagnitudesofnormal-
forceandpitching-momentcoefficientsweremuchhigherathighangles
ofattackthanatlowanglesofattackforsomeconditions.Large
regionsofnegativedampinginpitchwerefound,anditwasshownthat
theeffectof increasingtheMachnwiberfrom0.35to0.7wastodecrease
theinitialangleofattackatwhichnegativedampingoccurred..

Measurementsoftheaerodynamicdampingofa 10-percent-thickand
t ofa 3-percent-thickfinite-spanwingoscillatinginthefirstbending

modeindicateno regionsofnegativedampingforthi6typeofmotion
overtherangeofvariablescovered.Thedqing measuredathigh
anglesofattackwasgenerallylargerthenthatat lowsnglesofattack.

INTRODUCTION

Recently,theproblemsof stallflutterandbuffetinghavebeenthe
subjectsof severalanalyticalinvestigations.(Seerefs.lto 8.)
Thesestudieshaveindicatedsomeinterestingapproachestothedynsmic
problemsassociatedwithseparatedflow;however,becauseofthegreat
difficultyintreatingtheunsteadyaerodynamicsofwingswithseparated
flow,a completelysatisfactoryanalyticalapproachhasnotbeen
developed.Therefore,additionalexperimentalinformationisreqdred
in orderto describefurtherthephenomenaof stall.flutterandbuffeting.

.
It isgenera13yacceptedthat,whena wingis sufficientlystalled,

fluctuatingforcesactonthewingand,ifthewingisflexible,itwill
.
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respondto theseforces.Ifthetotal-dampingofthesystemremains
positive,thecharacteristicsoftheresponsewill.dependinpartonthe ?
characteristicsofthefluctuatingforcingfunction,andtheanountthe
wingrespondswilldependontherelativemagnitudesoftheforcing
functionandthedamping.Thisphenomenonmayserveasa rathergeneral.
descriptionofbuffeting.

If,ontheotherhand,thedsmpingbecomesnegative,thecharacter-
isticsendamountoftheresponsetilldepe-tiprimarilym~t::&cter
ofthedamping,thatis,onthedegreeofnonlinearity.
casedescribesthephenomenonof stallflutter.Then,inessence,the
phenomenaof stallflutterandbuffeting,asdefinedherein,differ
primarilyinthesignofthedamping.Consequently,knowledgeofthe
conditionsunderwhichtheaerodymmnicdmpingbecomesnegativeisessen-
tialinordertodecideontheproperapproachto theproblem.

Thepurposeofthisreportistopresenttheresultsoftwosome-
whatdifferentinvestigationsbothofwhichwereintendedtoprovide
additionalinformationconcerningtheconditionsunderwhichaerodynamic
dsmpingmaybecomenegative,a.swellas somequantitativeinformation
concerningtheamountofaerodynamicdamping.Inaddition,thetech-
niquesandinstrumentationemployedaregivenin somedetail.Thefirst
partofthispaperdealswiththeresultsof-somemeasurementsof
oscillatingnormalforcesandpitchingmomentsforanNACA6XO1Oairfoil
oscillatinginpitchaboutthetidchord.Someadditionalresultsobtained .
withthispitchingairfoilwithtwodifferentt~es ofdisturbancesat
theleadingedgearepresentedinappendixA. Thesecondpartgives
theresultsofmeasurementsofaerodynamicdampingfortwodifferent ?
finite-spanwingsoscillatinginessentiallythefirstbendingmode.

SYMEOLS

al tipdeflectioninfirstbending

c wingchord,i%

mode,ft

Cr referencewingchordatthree-qwrtersemispan,f%

c structuraldampingperunitlength,lb-sec/ft2

ccr criticalvalueofdsmping,lb-sec/ft

Ca effectivevalueofaeroi@smicdamping,lb-sec/ft

Cs effectivevalueofstructuraldamping,lb-sec/fi

.

.
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w

sectionpitching-momentcoefficientaboutmidchord

absolutemagnitudeoffundamentalcomponentof oscillating
sectionpitching-momentcoefficientaboutmidchordperradian

sectionnormal-forcecoefficient

absolute_itude offundamentalcomponentof oscillating
sectionnormal-forcecoefficientperradian

bendhgrigidity,lb-ft2

frequency,cps

totalappliedforceactingonfinite-spanwhg, lb

effectivevalueofaerdynamic-dsmptngcoefficientforfinite-
spsnwingoscillatinginbendingmode(eq.(3))

verticaldeflectionofequivalentspring-msssystem,ft

first-bending-modeshapeexpressedintermsofunittip
deflection

reducedfrequency,cDc/2v

effectivespringconstantofwire,coil,andspringattached
to finite-spinmodels,lb/ft

springconstantofequivalentspring-masssystem,lb/ft

beamstiffnessinfirstbendingmcde,lb/ft

len@h of semispanmodels,ft

massperunitlength,lb-sec2/ft2

absolutemagnitudeoff$mdmnentalcomponentof oscillatory
aerodynamicpitchingmomentaboutmidchord,f%-lb

effectivemassofwire,coil,andspringattachedto finite-
spanmodels,1.b-sec2/ft

incrementof coilmass,lb-sec2/ft
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massofequivalent

beammassinfirst
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spring-masssystem,lb-sec2/ft

bendingmode,lb-sec2/ft

TN3643
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.F

totaloscillatorypitchingmomentindicatedbypressure-gage
integrator,ft-lb

partofpitching-momentsignalpassedby filterwhichis
definitelyrelatedinphasetothemotion,ft-lb

partofpitching-momentsignalpassedby filt=-”whichisnot-
correlatedwiththemotion,ft-lb —

—

aerodyn~candexcitingforcesnormalto finite-spanwings
-—

absolutemagnitudeoffundamentalcomponentofoscillatory
aerodynamicnormalforce,lb

C43
totaloscillatorynormalforceindicatedby pressure-gage
integrator,lb

partofnormal-forcesignalpassedby filterwhichisdirectly
relatedinphasetothemotion,lb

partofnormal-forcesignalpassedby filterwhichis
correlatedwiththemotion,lb

incrementalpressureactingbetweenupperandlowersurface
ofwing,lb/sqft

—.—

—

—
a

.-

wing~ea, sqft
—

arbitraryperiodoftime,sec

time,sec

flowvelocity,ft/sec

spanwisecoordinate,ft

spanwisecoordinateatpointofattachmentofwire-spring-
shaker-coilsystem,I%

instantaneousangleofattack,radians

absolutemagnitudeoffunds.mentalcomponent
angleofattack,deg(exceptwhenusedin
oscillatoryderivatives)

ofoscill.atozy
defining

.—--

.’”

.
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G meanangleofattackaboutwhichoscillationOCCUrS)deg

%1 partofangle-of-attacksignalpassedby filterwhich
isdirectlyrelatedinphaseto normalforceorpitching
moment

‘e effectivevalueofmass-ratioparameter

P massdensityoftestmedium,3&sec2/ft4

%3 phaseanglebywhichpitchingmomentleadsthemotion,deg

% phaseangleby whichnormalforceleadsthemotion,deg

CD circularfrequency,tif,radians/see

W1. firstnaturalfrequency,radiaus/sec

wL~ firstnaturalfrequencyofwing-shakersystemwithadded
mass,radims/sec

Subscripts:

o quantitieswhichhavesamefreqwncyandwhicharedirectly
relatedinphaseto sinusoidalforcesormotions

R q~titieswhicharenotcorrelshedwithsinusoidalforces
ormotions

13srsindicatean averagewithrespectto time.

Onedotindicatesfirstderivativewithrespecttotime.

Twodotsindicatesecondderivativewithrespectto time,

.

.
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TWO-DIMENSIONALAIRFOILOSCILLATINGIN

P13?CHAHOUTMIDCH(2RD

TECHNIQUE

ThenormalforcesandpitchingmomentsactingonanNACA65AO1O
airfoiloscillatinginpitchaboutthemidchordathighmesnanglesof
attackweremeasuredby useofa technique-involvingan electrical
pressure-gageintegrator.Someofthemethodsandinstrumentationused
havebeenbrieflydescribedinreference9 ‘whereinresultsarepresented
ofmeasurementsof oscillatingairforcesata meanangleofattackof
zero.Forthiscondition,theinstrumentationandmethodspresentedin
reference9 wereconsideredtobe adequate;but,whenmeasurementswere
undertakenatmeananglesofattackbeyondthestall,itwasfoundthat
relativelylargerandcmforcesfxcistedandsomewhatdifferentinstru-
mentationanddata-reductionprocedureswererequiredinordertoobtain
thedesiredqwtities. A detaileddescriptionoftheapparatus,testing
procedures,andmethodsofreducingthedatafollows.

DescriptionofAppsratus

Windtunnel.-Thewindtunnelusedinthisinvestigationwasthe
Langley2-by 4-footflutterresearchtunnelwhichisa single-return
typeequippedtouseeitherairorI!reon-1.2asa testmediumatpressures
from1 atmospheredowntoabout1/8atmosphere.Theactualpressure
andmediumusedwillbe discussedsubsequently.

Airfoilandoscillator.-Theairfoilusedindeterminingthe
oscillatorynormalforcesandmomentsduetopitchhadanNACA6XOI.O
airfoilsectionanda constsntchordof1 fodt.Inadditiontothetests
ofthecleanairfoil,a fewlimitedtestswereperformedwithtwo
differenttypesofleading-edgedisturbances‘fidthesearepresentedin
appendixA. Themodelcompletelyspannedthe2-footdimensionofthe
testsectionandwasequippedwithendplateswhichrotatedwiththe
airfoiltopreventtipleakage.Themodelwasconstructedfromaluminum
alloythatwasmachinedintheformoftwohalfshellswitha solid
sectioninthecentertowhichwereattachedthepressuregagesandthe
positionindicator.Theconstructionofthemodelisillustratedin
figure1.

Theairfoiloscillatorandgeneraltestconfigurationis illustrated
in figure2. Powerto drivethewingisfurnishedby a synchronous-drive
motorwitha variable-frequencyvoltagesupply.Thespeedof’thedrive

..

—

.—

v
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motor,whichwascontinuouslycontrollablefrom300to 3,600rpm,deter-
minedthefrequencyof oscillation.Attachedto themotorshaftonboth
sidesofthetestsectionistheinnerraceofa bearingcalledan eccen-“
triccamInfigure2. TheeccentricityofthisC- determinestheamp-
litudeoftheoscillation.Theoscillationistransmittedtothewing
througha drivecolumn(eq@.ppedwitha tumibuckleforadjustmentof
meanangleofattack)pinnedto a rockerarmwhichrotatesa drive
shaftattachedtotheairfoil.

fistrumentation.-Thedifferentialpressureactingonthewingwas
convertedto anelectricalsignalby useofNACAminiatureelectrical
-pressuregagesmodel49-TP.(Seeref.10.) Thel-2gageswerelocated
at2.5,5,10,15,20,30,ko, 50,60,70,@j md X percentchord-
Thepressure-gageinstallationisillustratedinfigure1. Thegages
between5 and&lpercentchordwereclampedbetweenthetwowinghalves
andwereconnectedto 0.030-inch-diamaterorificesby 0.0625-inch-
dhmeterdrilledholeswhichhaddepthsthatvariedwiththethickness
ofthewing. Thegagesat2.5md 90percentchordwereconnectedto
orificesby tubingwhichhadan insidediameterof0.040inchandhad
lengbhsof0.6and1.3inches,respectively.Theexperimentallydeter-
mined@ami.c-responsecurvesforthegagesat2.5~90,~d 20percent
chordsreshowninfigure3. Theresonantpeaksoccurringathighfre-
quencieswe associatedwithan acousticphenomenon.Therespo~ecwves
presentedinfigure3 wereobtainedat atmosphericpressureh air. The
responsecharacteristicsofthepressuxe-gage-orificeinstallations@ve
notbeendeterminedwithfreon-12astheanibientmedium;however,itis
believedthatthesystemshaveflatresponseto a sufficientlyhighfre-
quencysothatnoresponseerrorswereinvolvedinthemeasurements
containedinthisinvestigationwhichcoversthefrequencyrangefrom
o to 35Cps.

Thepressure-gageoutputswereweightedendintegratedelectrically
to givea signalproportionalto liftorpitchingmoment.Theweighting
wascomputedonthebasisthateachgagerepresentedtheareaordistmce
halfwaybetweenadjacentgages.Forexample,thefirstgage(at2.5per-
centc)wasassumedto representtheareafromtheleadingedgetothe
pointhalfwaybetweenthefirstgageandthesecondgageorsn sreaof
3.75percentofthetotalarea. Thesecondgagewasassumedto repre-
senttheareaordistancebetween3.75percentc and7.5percentc
oran areaof3.75percentofthetotalsrea.Forpitchingmoments,
eachareawasmultipliedby thedistancefromitscentroidto theref-
erencetis. Theprinciplesanddetailsofelectricalintegrationare
discussedinreference1.1.

Theangularmotionofthecenter-linestationoftheairfoilwas
.. convertedto an electricalsignalby meansofa torsionrodwhichis

illustratedinfigure1. A resistance-wire-strain-gagebridgearranged
to indicatetorsionalstrainswasattachedto a steelrod0.5inchin
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diameterwhichhadoneendfixedtothecenteroftheairfoilandthe .
otherendfixedto thetunnelwall. Thefirstnaturalfrequencyofthe
rodintorsionwasestimatedtobe aboutTj’00cps. P

A blockdisgramoftheinstrumentationis showninfigure4. The
electricalsignalsproportionaltonormal.,forceorpitchingmomentand
angulardisplacementwereoperatedonina varietyofwaysby suitable
switchingarrangements.

Time-historyrecordsoftheHft orpitchingmomentandanguls.r
displacementwereobtainedby useofa recordingoscillograph.Some
observationsonthetimehistoriesof individualpressuresonan

—

oscillatingairfoilnearthestallarepresentedinappendixB.

Themagnitudeofthefuridamentalnormal-forceorpitching-moment
vectorwasdete-nedby feedingthesignalthrougha nsrrowband-pass
var’.able-frequencyfilterwhichwastunedto thefrequencyofoscillation.
Thesignaloutofthefilterwasthensmplifiedthrougha linesrampli-
fierandfedintoa vacuumthermocouple,theoutputofwhichwasread
ona heavilydampedmicrosmneter.Thisheavilydampedmean-square
indicatingdevicewasrequiredbecauseofthefluctuationsinnormal
forceorpitchingmomentencounteredatthehigh-single-of-attack
conditions.

Thephaseangleofthefundamentalcomponentofthenormalforce
orpitchingmomentwithrespectto theangulardisplacementwasobtained
by passingboththenormal-forceormomentandangular-displacement
signalsthroughidenticalchannelsofthenarrowband-passfilterthen
intoidenticalchannelsofa pulse-shapingdevice..Thepulseshaper
consisted,essentially,of severalstagesofamplification,clipping,
anddifferentiationwhichresultedin conversionoftheinputsinewave
to a seriesof sharppulsescorrespondingintimetothepositive
crossoverpointsofthestnewave. Thephaseanglebetweennormalforce
andpositionwasthenobtainedby startinganelectronicchronograph
withtheleadingsignalandstoppingthe.chronogaphwiththelagging
signal.Thetimeobtainedinthismannerwasthetimelagbetweennor-
mal.forceormomentandpositionwhich,whendividedby theperiodof
theoscillationandmultipliedby 3600,yieldedthephasesaglein
degrees.A similarmethodofmeasuringphaseangles,whichwasdeveloped
independently,isdescribedindetailinreferenceI-2.Theperiodof
theoscillationwasobtainedby startingaruistoppingthechronograph
witha singlesignal,usuallytheangulardisplacement.Of course,
slightdifferencesincomponentsandtuningcausedex@neous shiftsin
phasebetweenthetwosignals.Thistarephaseanglewasmeasured
duringeachmeasurementofphaseanglety feedinga singlesignal(usu-
allytheangulardisplacement)throughbothchmnels.

a

—.

-—

.

.

#-
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fiocedure

.

Theaerodynamicnormalforcesandpitchingmomentaactingonthe
ttio-dimensionalairfoiloscillatingin,pitchweredeterminedatMch num-
bersof0.35and0.70andata Reynoldsnumberof 5.3x 106. Freon-12
wasusedasa testmedium.TheReynoldsnuniberwasheldconstantby
reducingthetunnelpressurefrom1 atmosphereforthetestsata Mach
numberof0.35to about1/2atmosphereforthetestsata Machntier
of0.70.

Afterthedesiredtunnelvelocityandpressurehadbeenobtained,
themesnangleofattackwasadjustedby useoftheturnbucklesshown
infigure2. me zero-frequencyincrementinnormalforceormoment
wasthenobtainedwiththemodelsetat itsWo etiremes;t~s $etting
wasaccomplishedby turningtheoscillatorshaftthroughonecomplete
revolutionveryslowly.Theincrementalvoltagecorrespondingto the
incrementalforceormomentwasobtainedfroma selX-baLancing
potentiometer.

Afterthezero-fre~encymeaswementsweremade,thedrivemotor
wasstartedandbroughtto a speedcorrespondingto anairfoiloscilJ.a-
tionfrequencyofapproximately10 cps. Thelawerlimitoffrequency
wasdetermin~by thelow-frequencylimitofthenarrowbred-pass
variable-frequencyfilter.Afterthedesiredfrequencyhadbeenreached,
thenormal-forceorpitching-momentandpositionsignalswereoperated
oninthemannerpreviouslydescribedto obtainthequantitiesof
interest.Thetiequencywasthenincreasedinincrementsof about5 CPS
to a msxhmxnfrequencyofabout35cps. Datawerenotobtainedat
frequenciesabove35 CPSbecauseoftheuncertaintiesoftheeffectof
wind-tunnelwallsas indicatedinreference9.

Thisprocedurewasrepeatedat initialanglesofattackof0°,4°,
8°,12°,and16°at a Machnumberof 0.35;also0°,4°,6°,and8°ata
Machnumberof0.70. Theamplitudeof oscillationforallconditionswas
about1.2°.

DataReduction

Theforcesactingonan oscillatingwingunderseparated-flowcon-
ditionsmaybe thoughtofasbeingcomposedofthreeparts:(1)the
steadyormeancomponent,(2)thoseforceswhicharerelatedintimeto
themotion,thatis,havea definitephaserelationship,and(3)those
forceswhicharenotcorrelatedwiththemotion.Thethirdtypeof
unsteadyforceswillbe rsndomin characterandprobablywillbe similar,
at least,tothefluctuatingforceswhichactona stationaryrigidwing
whenitis stalled.At lowanglesofattack,a randomforceexisted
whichwassmall(abouttwicetheinstrumentnoiselevel)and,presumably,
wasdueto residualtunnelturbulence.At highsnglesofattack,the
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randomforceswereoftheorderoftentimestherandomforceswhich
existedatlowanglesofattack;and,consequently,considerationhad
tobe giventowaysandmeansofaccountingfor.theseforcesinrAcl.ng
thedesiredmeasurements.

Thiscompositionofforcesmaybe e~ressedsimplyasfollows:

N(t)= ii+’No(t) -1-NJ@)

wherefi denotesthesteady-stateforceassociatedwiththemeanangle
ofattack&, No(t) referstotheoscillatingforceswhicharerelated
tothesinusoidalmotionu(t)= lalei@,and ~(t) designatesthe
randomforceswhicharenotcorrelatedwiththemotion.The’problem,
then,isto separateproperlythethree@q?esofforcessothatthesig-
nificantpropertiescanbe determined.Thisseparationcanbe donein
severalways.Themethodused-inthesetestsofthetwo-dimensional
modelconsistedofpassingthenormal-forceorpitching-momentsignal
througha narrowband-passvariable-frequencyfiltertunedtothefre-
quencyofoscillation.Inthismanner,a @rge partoftherandom
forces,aswellas themeanforce,werere~ected;therefore,onlythe
fundamentalforceormomentvectorandtherandompartslyingwithin
thebandpassofthefilterwereleft.Thepossibleexistenceand
importanceofhigherharmonicsiqtheforceormomentisdiscussedin
appendixC.

Theoutputofthefilteris illustratedvectoriallyinfigure5,
Thelargevectorrepresentingthefundamentalcomponentofnormalforce
orpitchingmomentisfixedinphase,butthesmall.vectorrepresenting
therandompartoftheforceormomentnotrejectedby the,filter
rotatesrandomLyabouttheendofthefundsluentalcomponentandvaries
randomlyinlength.Theresultantvectorwillvaryrandomlyinboth
magnitudeandphaseovera smallrange.Sincethephse-measuring
techniqueyielded-thephaseanglefora singlecycleofoscillation,‘
itwasnecessaryto obtainseveralvaluesfora givencondition.The
arithmeticmeanoftheseveralvalueswasusedasthebestvalueto
representthephaseofthefundamentalcomponent.Thenumberofvalues
takenateachtestconditionwasincreasedordecreasedaccordingto
therangeoffluctuationencountered.UsualJyabout10valueswere
consideredsufficient.

The
pitching

magnitudeofthefundamentalcomporie-ntofnormal
momentwasobtainedbypassingtheoutputofthe

forceor
filterthrough

.
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a mean-squareindicatingdevicewhichperformed

where Nol

1—
TJ[2T g

1

NoI(t)+ ~R(t) 2dt= N012+

isthefundamentalcomponent,~R
forcelyingwithinthebandpassofthefilter,

I-1

thefollowingoperation:

~ol~R + ~R2

isthepartoftherandom
and T isanarbitrary

periodoftime. Sincethetimeaverageofthe-productoftwouncorre~ted ..
quantitiesmustbe zero,thereadingofthemean-squaremeterwillbe

—— —

proportionalto N012+ 2NR2.Thevalueof N012 wasobtained-bysub-
tractingthemeterreadingwiththeairfoilheldrigidat themeanangle
ofattackfromthemeterreadingduringtheoscillation.

Thisoperationassumesthattherandomforcesarenotaffectedby
theoscillation.Theseverityofthisassumptioninvolvesat leasttwo
conditions.Sincetheintensityoftherandomforcesisa functionof
angleofattack,a modulationoftherandomforcesatthefrequencyof
thevariationinangleofattackmightbe expected.Thiseffecthas

beenminimizedby obtainingtheestimatesof ~R2 at themeanangleof

ettack.

An additionaleffectoftheoscillationontherandomforcesmight
resultfroma changeinthegeneralcharacteroftheseparatedflowfrom
thestationarycaseto theoscillatingcase.Forexample,theoscillation
oftheairfoilmightaltertheboundary-layerstabilityin sucha wayas
to causea chSngeinboththeintensityandfrequencycontentofthe
fluctuatingforces.Thepossibilityofa flowchangeofthistypeisa
difficultoneto check;however,someinformationsupportingthevalidity .

oftheassumptionusedinobtainingN012 fromthemeterreadingshas
beenobtained.Withtheairfoilheldstationaryatthemeanangleof
attack,an estimateofthefrequencycontentoftherandomforceswas
obtainedby tuningthenarrowband-passfilterto variousfrequencies
withintherangeof interest.Similarmeasurementsweremadewiththe
airfoiloscillatingat a particularfrequencyaboutthe“ineanangleof
attack.Thefrequencycontentforthesetwoconditionsarecompared
withthefiltercharacteristicfunctionin figure6. Thedataforthe
conditionwherethewingwasheldstationaryindicatea relativelysmooth,
lowlevelof fluctuatingforces.Thedataobtainedwiththewingoscil-
latingaresimilarto thatforthestationarywingexceptinthevicinity
of theoscillationfrequency.Hearthewingoscillationfrequency,the
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curverepresentingthefiltercharacteristicfunctionwouldbe a good ,:
fairingofthedataobtainedwiththewingoscillating;and,sincethe
filtercharacteristiccurverepresentsthe:filteroutPutto a single
frequencyinput,itcanbe concludedthattheprimaryeffectofoscil-
latingtheairfoilonthefrequencycontentoftheairforceswasthe..

-.——
additionofa singlecomponentatthefrequencyofoscillation.

Inadditiontotheaerodynamicnormalforce,thevectorNo con-

tainsa smallcomponentduetotheinertiaeffectsonthepressuregages.
Themagnitudeofthistare-accelerationeffectwasdeterminedby oscil-
latingtheairfoilina nearvacuumandis showninfigure7. These
tarevaluesweresubtractedvectoriallyfro%the Nol determinations.
Thetarevalueswerekeptsmallrelatiyetotheaerodynamiccomponents
by conductingthetestsatashigha valueofdynamicpressureaswas
consistentwiththerequiredMachnuniberandReynoldsnumber.Lines
representing1 percentof--thesmallestoscillatingnormalforceand
pitching.momentareindicatedinfigure7. Thetarevalueintheworst
caseamountedto about4 percentofthemagnitudeofthefundamental
componentofpitchingmomentandcauseda phasecorrectionofabout20.

—

-.

-.

- -. m-

-...

Becauseoftheinertiaandflexibilityofthemechanicalsystem,
theabsolutemagnitudeofthepitchingoscillationwasa functionof
frequencyeventhoughthemot$onofthepositive-d$sp~cementdriv.s

..

mechanismremainedatthedesignvalueof IuI= 1.2°. Itwasfound; ‘- a
..—

thattheairfoilitselfdidnotdistortappreciablyalongitsspan,but
therewasa sizeabletwistingofthedriveshaftsrelativeto therocker
armsoutsidethetestsection.Testsindicatedthatthistwistingor

t

distortionofthesystemwasnotaffectedby airforces;consequently,
itwaspossibletousea singlefunctiontorepresentthevariationof
theabsolutemagnitudeof.thepitchingoscilhtionwithfiequencycThis

—

functionis showninfigure8.

Aftertheabsolutemagnitudesofthefundamentalcomponentsof
aerodynamicnormalforceandpitchingmomenthadbeendeterminedfrom
themeterreadingsby useof suitablecalibrationconstants,theywere
convertedintocoefficientformaccordingtothefollowingdefinitions:

and

dcnI N!—= -..
au *+SIUI

IId% IIM—=
da &sclal

‘here1+ismeasuredinradians.

—.
-,

.
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Thesign
normalforce,
positive.

conventionusedinorienting
nose-uppitchingmoment,and

13

thevectordefinesupward
nose-uppitchdeflectionas

Thecomponentofpitching-momentcoefficientwhichis inphase
withtheangularvelocityisrelatedtothedamping;therefore,the

IIdcmdaIIIP~coefficientisdefinedas — sin&. Thesignconvention
da

usedindescribingthecoefficientsofdampinginpitchis illustrated
inthefollowingvectordiagram:

Positiveor stabledamping Negativeorunstabledamping

dcm
Z--I
d

dcm

% =

RESULTSANDDISCUSSION

Themagnitudeandphaseofthefundamentalcomponentsofoscilla-
torynormal-forcesndpitching-momentcoefficientsforthetwo-dimensional
NACA65AO1Oairfoiloscillatinginpitchaboutthemidchordareshownin
figures9 to 12as functionsofreducedfrequencyforvariousanglesof

IIdcmattack.Thecoefficientsofdampinginpitch — sin~ areshown
da

as functionsofreducedfrequencyinfigures13 and14.

LowAnglesofAttack

.
Forpurposesof comparison,thetheoreticalnormalforcesand

pitchingmomentscalculatedforcompressible,two-dimensionalfloware
shownalongwiththemeasuredtwo-dimensionaldatainfigures9 to 12.
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Thetheoreticalcoefficientsusedarethosewhicharepresentedinref-
erence13 andwhicharemodifiedto agreewiththesignconventionand
coefficientformusedinthispaper.

Examinationoffigures9 and10indicatesthattheforcesandmoments
measuredat & = 0° and~= 4° compareverywellwiththetheoretical
valuesata Machnuder of0.35.Theconventionalsteady-statesection
normal-forceandsectionpitching-manentcoefficientshavebeenmeasured
fora Machnumberof0.35anda Reynoldsn~ber of5.3x 106andsre
presentedas functionsofangleofattackin figure15. Thesedataindi-
catea linearrelationbetweenbothnormal-forceandpitching-motint
coefficientsandangleofattackup toanangleofattackofabout7°.
Tuft studiesconductedat thesesameconditionsindicatedno disturbances
ontheuppersurfaceuntilanangleofattackof60wasreached.With
theairfoilina cleancondition(thatis,withno tuftsattached),
osclllographicobservationoftheoutputsoftheindividualpressure
gagesindicatednopressurefluctuationsupto anangleofattackof7.6°,
Itappearsreasopsble,then,thattherewereno importantboundary-layer
effectsonthestaticnormalforcesandpitchingmomentsforsinglesof
attackuptoat least6°. Furthermore,theoscillatoryderivativesare
notexpectedtovaryappreciablywiththemeanangleofattackso
longastheairfoilremainsintheunseparated-flowconditionthroughout
therangeofoscillation,

Examinationof figures11and12 indicatesthat,ata Machnumber
of0.7,thedataforboth & = 0° and & = 4° differappreciablyfrom
theory.Thediscrepancybetweentheoryandexperimentat ~ = 0° may
be attributedprimarilyto effectofwind-tunnelwalls.No corrections
havebeenapplledtothedatatoaccountforthepresenceofthewalls.
Boththetheoryandexperimentsofreference9 indicatean increasein
theeffectoftunnelwallswhentheMachnumberis increasedfromO.37
to0.70. (Ref.9 givesa comparisonbetweentheoryandexperimentson
thesametwo-dimensionalmodelasthatusedinthepresentinvestigation.
Thiscomparisonshow~goodagreementbetweenthemeasuredforcesand
momentsandthosecalculatedwhichincludedtheeffectofthewalls.)

4° andthetheorymayThediscrepanciesbetweenthedatafor & =
be due,inpart,totunnel-walleffectsortoboundary-layerandshock
effects.Thereisvirtuallyno informationavailableconcerningthe
effectofangleofattackonthewind-tunnel-wallcorrectionsforoscil-
latingairforces;however,itappearsreasonablethattheeffectsof
thewallsmightbe greaterathigheranglesofattackbecauseofthe
increasedblockage.Thestaticnormal-forceandpitching-momentcoefficients
measuredata Machnumberof0.7areshowninfigure16. Examination
ofthesestaticcoefficientsindicatesa degreeofnonlinearityinboth
thenormal-force-andpitching-momentcurve~whichmaybe duetothe
possiblecausesmentionedpreviously.

.

7

—
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HighAnglesofAttack

15

Thenormal-forceandpitching-momentcoefficientsmeasuredat angles
ofattackhigherthan ~ = 4° (figs.9 to 12)differappreciablyfrom
thecoefficientsmeasuredat loweranglesofattack.At zerofrequency
andhighmeananglesofattack,themagnitudeofthechangeinnormal
forceorpitchingmomentwithchangeinangleofattackis considerably
reducedfromthatobtainedat smallmesmsngles.Inaddition,in some
casesthesignofthechsngein forceormomentisreversedas indicated
by valuesofthephaseangleoccuxrimgat 180°.At frequenciesother
thanzero,however,themagnitudeoftheforcesandmomentsin somecases
aremuchhigherthsnthoseobservedat lowangles.

Inasmuchasthecoefficientsofnormalforceandpitchingmoment
presentedin figures9 to 12 correspondto slopeoftheliftcurveor
momentcurve,itmayappearsomewhatsurprisingto observemuchhigher
valuesforanglesofattackneaxthestallthanoccurredat smallangles
ofattack.Thisresulthasbeenobtainedbefore.(Seerefs.14 and15,
forexample.)Althoughthemechanismofthisphenomenahasnotbeen
established,a fewspeculativeremarksmaybe made. Ifitisreasoned
thattheairfoilwithseparatedflowmy be replacedby a newairfoil
havingdimensionalcharacteristicsdeterminedby theboundarylayer,it
doesnotappearinconceivablethatthisimaginaryairfoilcould,under
someoscillatingconditions,undergolargechangesin camberduringthe
oscillationwhich,inturn,couldproducemuchlargerchangesinnormal
forceandpitchingmpmentthanwouldbe expectedofa nondeformingair-
foil● Jones(ref.4)hasincorporatedthisfeatureofa variable-camber
airfoilwithsomesuccessinanattemptto calculateoscillatingair
forcesathighanglesofattack.However,theestablishmentofthetime
behaviorofthisimaginaryairfoilwouldbe a complicatedproblem.

Inadditiontothelargeeffectsof increasedangleofattackon
themagnitudesofnormalforceandpitchingmoment,therewerealsolarge
effectsonthephaseangles.Theeffectofangleofattackonthemoment
phaseanglesis suchthatundersomeconditionstheaerodynamic-damping
momentisunstable.Thisresultisillustratedinfigures13and14
wheretheimaginaryordampingcomponentofthepitching-momentcoefficient
hasbeenplottedasa functionofreducedfrequency.Theexistenceof
regionsofunstabledampingimpliesthepossibili~of single-degee-of-
freedomflutterinthetorsionmode.

Examinationof figures13and14 indicatesthattheeffectof
increasingtheMachnumiberfrom0.35to 0.7wasprimarilyto decrease
theinitialmeanangleofattack‘atwhichunstabledampingmoments
occurred.Thisresult,presumably,wasdueto largeradversepressure
gradientswhichcausedboundsxy-layereffects.



16 NACATN 3643

Theexistenceofthelargeregionsof,,ngleof
tiequencyatwhichunstabledampinginpitchoccurs
trasttothemeasurementsofdampinginthebending
spanwingswhichwillbe discussedsubsequently.

attackandreduced
is indirectcon-
modeoffinite-

FINITE-SPANWINGSOSCILLATINGINFIRST!BENDINGMODE
.-
—

TECBNIQUE

Theaerodynamicdampingforfinite-sp~-wingsoscillatinginthe
firstbendingmodewasmeasuredbyuseofa techniquebasedonmeasure-
mentsofthepowerrequiredtomaintainoscillationatthenaturalfre-
quencyofthesystem.Inordertoeliminatefromthemeasurementsthe
prese’nceofrelativelylargerandomforceswhichactedonthewingsat
high”anglesofattack,a wattmeterwasusedasan indicatorofthe
powerrequiredtomaintainoscillation.Itmaybe recalledthata watt-
meterisa phase-sensitivedevice;and,sincethephaseoftherandom
forcesrelativetothepositionofthewingisjustaslikelyto cause

—

a momentaryincreaseinthepowerreadingas itisto causea momentary
decrease,therewill.be noneteffectoftherandomforcesonthe
averagereadingofthewattmeter.A nmredetaileddescriptionofthe
techniquefollows.

- ,~.

DescriptionofApparatus c“

Windtunnel.-TheLangley2-by k-footflutterresearchtunnel,
describedpreviously,wasalsousedforthetestsofthefinite-span
models.

Modelsandoscillator.-Thetwosemispan-modelsusedforthe
bendingmeasurementsdifferedprimarilyinairfoilthickness.The10-
percent-thickwingwasrectangularinplanformandhadNACA65AO1O
airfoilsections.Thewinghada chordof 8 inches,a semispanof
20 inches,-sndthusanaspectratioof5.0. Thestrengthandstiffness
ofthe10-percentwingwereconcentratedinan aluminum-alloycore
5/32inchthick,theairfoilbeingfilledout-’bybalsagluedtothe
corewiththegrainorientedverticallytotheplaneofthewing.The
3-percent-thickwingwastaperedInplanformandhadNACA16-005air-
foilsections.Thiswinghada rootchordof10 Inches,a tipchord
of5 inche,fi,andthusa taperratioof0.5. fiese~qpanof16inches
resultedinanaspectratioof4.27.The3-p&rcentwingwasconstructed
ofsolidaluminumalloy.Boththe10-percentwingandthe3-percent

.
.-

winghadzerosweepofthemidchordaxis. t
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Thefinite-spanmodelswereclampedat therootandoscillatedin,
essentially,thefirstbendingmodeby a wireattachedtothewingand
toan electromagneticshakeras shownschematicallyinfigure17. Since
itwasnecessarytomaintaina nettensioninthewirebetweentheshaker
andthewing,in orderfortheshakerto applya sinusoidalforceto the
wing,an externalcantileverspringwasinstalledbetweentheshakerand
thewing. Theneteffectoftheadditionalstiffnessandmassofthe
externalwire-spring-shaker-coilsystemwasto increasethefirstnatural
frequencyofthe10-perpentwingfrom11.3cpsto 26 CPS. Theincrease
forthe3-percentwingwasfrom43cpsto50 cps. Theeffectofthe
additionalstiffnessandmassontheoscillatorydeflectionmodesfor
thetwowingsis illustratedinfigure18,wheretheshapesofthefun-
damentalbendingmodecalculatedforthewingsas simplecantilevers
arecomparedwiththemeasuredmodeshapesofthewingsoscillatingat
thefirstnaturalfrequencyofthecoztibinedsystem.Thedeflection
modesweremeasuredby useofa tim.e-e~osurephotographictechnique.
(Seeref.16.)

Instrumentation.-Boththe10-percentwingapdthe3-percentwing
wereequippedwithresistance-wire-strain-gagebridgesarrangedto indi-
catestrainsinbendingandtorsion.Thebendinggageswereusedasa
qualitativemeasureofamplitudeofoscillation.

A blockdiagramoftheinstrumentationusedin conjunctionwith
theelectromagneticshakeris showninfigure19. A variable-frequency
voltagewassuppliedto theshakerby a low-frequencyoscillatoranda
poweramplifier.Thevoltageacrossthecoiloftheshakerwasmeasured
by useofa vacuum-tubevoltmeter.Thecurrentthroughthecoilwas
measuredby useofa vacuum-tubevoltmetershuntedwitha l-ohmpre-
cisionresistor.Thepowerconsumedby theshakerwasmeasuredby use
ofa low-power-factorwattmeter.

A photographoftheresearchinstrumentconsoleusedintheLangley
2-by 4-footflutterresearchtunnelis shownin figure20.

Procedure

Theproceduresusedindeterminingtheaerodynamicdampinginthe
bendingmodewereessentiallythesameforthetwofinite-spanwings
exceptthatthedataforthe10-percentwingwereobtainedat fixed
velocitieswithangleofattackas theprimaryvariable,whereasthe
dataforthe3-percentwingwereobtainedat constantanglesofattack
withvelocityastheprimaryvariable.

Theprocedureusedinthetestsofthe10-percentwingwasas
follows: Afterthedesiredvelocityhadbeenset,themeanangleof

.
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attackwasadjustedby a motor-drivenangle-of-attackchangingand
clampingdevice.Thefrequencyoftheoscillatorwasvarieduntilthe
systemwastunedtothefrequencyofmaximumresponse.Thepowerto $
theelectromagneticshakerwas’adjustedtobringtheamplitudeofoscil-
lationtothedesiredlevelas indicatedby a mean-squareroot-bending-
strainindicator.Thedesiredvoltage,current,andpowerwerethen
observed.

Theprecedingprocedurewasrepeatedinincrementsofmeanangle
ofattackofabout2°up to20°. Becauseoftheoccurrenceofstall
flutterina torsionmode,thelimitingangleofattackatthehigher
velocitieswaslessthan20°.

Essentially,thesameprocedurewasfollowedforthe3-percentwing
exceptthat,at eachangleofattack,measurementsweremadeat several
velocitiesbeforetheanglewaschanged.

—.

Theaerodynamic-dampingcoefficientsforbendingoscillationsof
the10-percentmd the3-percentwms weredeterminedat severalvalues
ofreducedfrequencyby varyingtheflowvelocity.Thetestswerecon-
ductedatatmosphericpressureinair. Thevariationsoflkchnumber,
Reynoldsnumber,andtipangularitywithreducedvelocity(thereciprocal
ofreducedfrequency)forthetwowingsareshownInfigure21.

—

DataReduction r.
k

Forclarity,a somewhatsimplifiedpresentationoftherelationships
involvedinreducingthedataisdevelopedhere.A moredetailedpres-

“1

entationismadeinappendixD. —

Theactualdistributedsystemusedforthethree-dimensionalmeasure-
ments”isreplacedby anequivalentsingle-degree-of-freedomsystemwhich
hasthefollowingequationofmotion:

M&+ (C!a+Cs)fi+&h. F(t) (1)

where h isthebendingdeflectionofthe,wingandthecoefficients&
and & representthegeneralizedmassand.stiffness,respectively.
ThecoefficientsCa and Cs referto theaerodynamicandstructural
damping,respectively.TheexternalforceF(t) isagaincomposedof
threeparts:a steady-stateforceassociatedwiththemeanangleof
attackE, a sinusoidalforceFo,anda randomforceFR. Thesteady-

stateforceleadsonlyto a staticdeflectionofthebeamandconse-
quentlywillnot-betreatedfurther.
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Equation(1)maybe rewrittenas

~(&+hR)+~a+cS)(% +%)+&(%+‘R)= Fe+% (2)

wherethesubscriptso ahd R referto quantitiesrelatedto the
forcesF. and FR,respectively.

Multiplyingequation(2)by F.

I (Me@o+@RFo+ Cgt

wherebarsoverthe
periodoftime T.

+ Cs)~+(Cs,+
quantitiesrefer
However,

sndtakingtimeaveragesyields

)

——
CS~+KehoFo+&hRFo = Fo2+~Fo

to a timeaverageoveran arbitrary

(Ca+ Cs)~Fo. 0

&hRFo = O

as T~~ becausethetimeaverageoftheproductoftwouncorrelated
. .

quantitiesis zero.Also,atthenaturalfrequencyofthesystem,the
sumofkineticandpotentialforcesmustbe zero;thisfactLeadsto
theconditionthat

Therefore,-

k’+“)==~
or

.
F02 ~

Ca=— - S
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CriticaldampingofthesystemIsdefinedas

NACA~ 3643

.

where ~ isthefirstnaturalfrequencyof thesystemandisrelated
to thestiffiessandmassby thefollowingeqwtion:

Then,theratioofaerodynamicdampingto criticaldampingmaybe defined
as

Ca F02 1 c~—= — —-—. —
Ccr ~ ~% cc, .—.

Theaerodynamic-dampingratiocanbe determinedby measuringthe

.
—-

.

—.

currentthroughtheBhakercoilwhichisproportionalto F. andby”
..--

measuring-thepowerconsumedby the systemwhichiS wo??ortio~lto the...
producthFo. Thestructural-dampingratiowasmeasuredinstillair
beforeeachtestsothatit couldbe subtractedfromthevaluesmeasured
duringthetest.

Of course,certaincorrectionsarerequired,andcertainapproxi-
mationsareinvolvedin convertingthemeasuredelectricalquantities
to thedesireddampingcoefficient.For“&ample,theelectrical-power
lossesintheshakercoilmustbe extractedasa tare. Inadd+tion,
therandomforceFR producesrandomvelocitiesofthecoil ~ which,

intuxn,induce-correlatedvoltagesandcurrentsintheelectrical
system.Thesecurrentsaresmall,however,ifthedrivingcoilis
excitedby a highimpedancegenerator.=“

Theratiosofaerodynamicdampingto criticaldampingobtainedin
thismnner applyonlytotheparticularmechanicalsystemsusedin“these
experiments.Inordertomakethedampingmeasurementsofmoregeneral
value,theratiosofaerodynamicdampingto crit~caldampingwereused
to determinean effectivesectionderivativeFe havingthesameform
asTheodorsen’scirculationfunctionF(k). (Seeref.17.) Therela-
tionshipbetweenthedampingratioandtheeffectiveaerodynamic-
dampingcoefficientisdevelopedina~endixD. ThederivativeFe“-is‘--””
definedas . — . —

,.-—

P
.,

4
—

.:

—-

F---
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*
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.



* .

9

NACATN 3643

~ c~
z-

Fe = cr
KeCOBz

21

(3)

where k isthereducedfrequencybasedonthechordat thethree-
quartersemispanand ~e isa mass-ratioparametershowninappendixD.
Valuesof Fe determinedinthismannerrepresentsn effectiveor
weightedsectionderivativewhichmaybe usedina strip-analysisesti-
mationofdampinginthebendingmodeforwingshavinggeometricprop-
ertiessimilarto thetwotestedinthisinvestigation.

. RESULTSANDDISCUSSION

Themeasuredratiosofaerodynaud.cdampingto criticaldampingin
thebendingmodeforthe10-percentwingareshowninfigure22 as func-
tionsofangleofattackforvariousvaluesofreducedfrequency.The
dampingratiosforthe3-percentwingareshowninfigure23as functions
ofreducedvelocityforvariousanglesofattack.Theeffective
aerodynamic-dsmpingcoefficientsinthebendingmode Fe forboththe
10-percentandthe3-percentwingsareshowninfi~es 24 snd25 as
functionsofreducedfrequencyatvariousanglesofattack.

LowAnglesofAttack

As a matterofreference,!lheodorsen’stheoreticaltwo-dimensional
circulationfunctionF(k) (ref.17) is showninfigures24and25
whichareplotsofthemeasuredeffectiveaerodynamic-dampingcoefficients
forbendingoscillationsas functionsofreducedfkequency.As might
be expected,thedatafortheserelativelylow-aspect-ratiowingsat
thelowermeananglesofattackgenerallyfallconsiderablybelowthe
valuesof Fe indicatedby thetwo-dimensionaltheory.

.-

Thedataforthe10-percentandthe3-percentwingsaregenerally
similaratthelowanglesofattack,exceptat lowvaluesofreduced
frequency.

HighAnglesofAttack

Ingeneral,theoutstandingcharacteristicofthedampingmeasure-
mentsforbendingoscillationspresentedinfigures22to 25 isthe
increasedpositivedampingwhichoccurredat thehighermeanangles
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ofattack.Withintherangeofangleofattackandreducedfrequency ‘
coveredby thesee~eriments,thedampinginthebendingmoderemained
positiveforallconditions;andat someconditions,thedampingat *
highmeananglesofattackwasasmuchasaboutthreetimesthe
dampingat zeroangleofattack.

Thisincreaseindampingofthebendingmodeathighmeanangles
ofattackmaybe relatedtotheincreaseinthemagnitudeofnormal-force
andpitching-momentcoefficientswhichwasobservedforthetwo-dimensional
wingoscillatinginpitch.However,forKhepitchingmotiontheincrease
inmagnitudeswasaccompaniedby changesinphaseanglewhichproduced
negativedsmpingmoments.Thisdifferenceindampingcharacteristicsis
notinconsistentwiththeresultsobtainedforthebendingmeasurements
sincethephaserelationshipswhichdetermineaerodynamicdampingare
verydifferentforthetwotypesofmotion.Generallyspeaking,inth=
frequencyrangeofpracticalinterest,thepredominantsourceofaero-
dynamicforceorrimentfora pitchingwingisassociatedwiththe
positionterms,whereasinthecaseofbendingoscillationsthepredomi-
nantsourceisassociatedwiththevelocityterms.

-.

CONCLUSIONS
,

Thema~itudeand”phafieofthefundamentalcomponentsofnormal
forceandpitchingmomentactingonanNACA6XOI0 airfoiloscillatingin $-
pitchaboutthemidchordhavebeenmeasur~datbothhighandlowmean ,
anglesofattackatMch numbersof0.35and0.7. Inaddition,the -.
aerodynamicdampingin,essentially,

d
thefirstbendingmodehasbeen

measuredfortwofinite-spanwingsovera-rangeofmeananglesofattack
—

andreducedfrequency.Examinationoftheresultsofthisinvestigation
indicatethefollowingsignificantconclusions:

1.Themagnitudesof oscillatorynormal-forceandpitching-moment
coefficientsfora two-dimensionalwingoscillatinginpitchaboutthe
midchordathighmeananglesofattackare’muchlargerat someconditions
thanat lowmean“anglesofattack.

-.

2. Largeregionsofangleofattackandreducedfrequencyexist
whereina single-degree-of-freedomtorsionflutterispossiblebecause
ofunstableaerodynamic-dampingmomentsforpitchingoscillations.

—-

3. TheeffectofincreasingklachnumberfromO.35to0.7wasto
decreasetheinitialangleofattackatwhichunstabledampingoccurred.

4.Theaerodynamicdsng$.ngforbendingoscillationswasgenerally .

higherathighanglesofattackthanat 10Wanglesofattack,andno
1 ,
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unstabledampingwasencounteredovertherangeof configurations,angle
ofattack,andreducedfrequencycoveredby theseexperiments.

LangleyAeronauticalLaboratory,
NationalAdvisoryComnitteeforAeronautics,

LangleyField,Vs.,January21,1956.
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EFFECTSOFLEADING-EDGECONDITIONSONAERODYNAMIC

DAMPINGFORAIRFOILOSC!IGLATINGINPITCH

Theeffectsoftwotypesofdisturbancesplacedattheleading
edgeofanairfoiloscillatinginpitchweredeterminedata Machnuniber
of0.35andanglesofattackof8° and~“. Thetwotypesof disturb-
anceswhichwerechosenforstudywerea leadlng-edgeroughnesswhich
consistedofa sprinklingof.No.120Carborundumgrainsovertheleading
4 percentofthechordanda tripper-wireconfigurationwhichconsisted
ofa wireabout0.4percentofthechordindiameterlocatedonthe
uppersurfaceat 5 percentofthechordrearwardoftheleadingedge.
Themagnitudeandphaseangleofthefundamentalcomponentofpitching
momentweremeasured.Thedamping-momentcoefficientsobtainedatthe
twomeanangles-ofattacktestedareshowninfigure26 alongwiththe
valuesobtainedforthecleanairfoil.

At a meanangleofattackof 8°)theeffectofthechangesin
leading-edgeconditionispronounced.Thedampingcoefficientsfor
theleading-edge-roughnesstestsreachconsiderablylargerunstable
valuesandthecrossoverpointbetweenstableandunstablevaluesoccurs
ata muchhighervalueofreducedfrequency.Thedataforthetripper-
wiretestsat & = 8°,ontheotherhand,indicatesomeimprovement
overthecleanairfoil.Theconventionalstatic-pitching-momentcoeffi-
cientshavebeenmeasuredforthethreeairfoilconditionsandareshown
infigure27. Itappearsthattheadditicmofthetripperwireto the
uppersurfaceoftheairfoilincreasedtheangleofattackatwhichthe
maximumstatic-pitching-momentcoefficientoccurredfromabout90to
about10°,whereastheadditionoftheltiing-edgeroughnessdecreased
theangleofmaximummomentto about8°. Itappears,therefore,that
theseverityof-unstabledampinginthiscasedependsuponthenearness
ofthemeanangleofattacktotheangleofattackatwhichmaximum
staticpitchingmomentoccurs.Thedampingmomentsmeas~edat ti= 12°,
showninfigure26,arerelativelyunaffectedby theconditionofthe
leadingedge.Thisinsensitivity,presumably,isduetothefactthat
at~= 1.2°theairfoiliswellbeyondtheangleofmaximummoment
(asindicatedinfig.27)feral.lthreeconditions.

. .

—

J
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.

.



NACATN 3643

APPENDIXB

SOMEOBSERVATIONSONTIMEHISTORIESOF INDIVIDUAL

PRESSURESONAN OSCILLATINGAIRFOILNEARSTALL

Numerousinvestigatorshaveattemptedto formulateananalytical
approachto thepredictionofunsteadyah”forcesforwingsoscillating
nearthestall.Sincethisprobleminherentlyinvolvesthecomplexities
ofunsteaifyboundary-layerbehavior,almostalltheapproacheshavebeen
empiricalinthesensethate~erimentallyobservedphenomenahavebeen
utilizedinformulatingthenecessaryassumptions.So far,theseana-
lyticalcalculationshaveyieldedsatisfactoryresultsforonlylimited
rangesofthevaxiousparameters.Onecontributingcauseofthislack
ofa satisfactoryanalyticalapproachisthatthephenomenainvolvedin
theprocesshavenotbeencompletelydescribedexperimentally.Inorder
to contributefurtherto thestoreofWowledgeconcerningoscillating
airforcesforstalledwings,someadditionalinformationobtained
duringthecourseof”theinvestigationoftheNACA65AO1Oairfoil
pitchingaboutthemtdchordis included.

At a Machnumberof0.35andReynoldsnumberof5.3x 106,a unique
conditionwasencounteredatanglesofattacknear80. A seriesof short
samplesofoscillographicrecordsoftheindividualpressuresisrepro-
ducedinfigure28. At an angleofattackof 6.80andat zerofrequency,
theincrementalpressuresoverthewingwererelativelyundisturbed ..—
exceptforsomesmallvariationswhichoccurrednearthetrailingedge.
As the&ugleofattackwasslowlyincreased,intermittentpressurefluc-
tuationsoccurredneartheleadingedgeatanglesofattackabove
about7.6°.Thisconditionis illustratedinfiguxe28(b)foran angle
ofattackof 80andzerofrequency.As theangleofattackwasfurther
increased,allthepressuregagesindicateda continuousrandomfluc-
tuationwhichis illustratedinfigure28(c)foran sngleofattack
Of9.2°.

Whentheairfoilwasoscillatedinpitchaboutthemidchordata
meanangleofattackof 80,thispatternofflowbreakdownindicated
by therandomfluctuationsinpressurewasmaintainedinthesensethat
theflowperiodicallybrokedownas theangleofattackwasperiodically
increased.Theprimaryeffectoftheoscillationappearedtobe a delay
intheinstantaneousangleofattackatwhichtheflowbreakdownbegan.
At a reducedfrequencyof0.073,thegagenearesttheleadingedgeindic-
ated a disturbancecommencingatan angleofattackofabout7.80
whichrepresentsa timedelayofabout6 millisecondsbeyondthetime
atwhichtheairfoilreached7.6o(theangleatwhichflowbreakdown

.
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.

beganforstaticconditions).At a reducedfrequencyof0.270,the
angleofattackatwhichflowfluctuationbeganwasdelayedto about8.5°
whichcorrespondstoa timedelsyofabout8 milliseconds.

T

..,.
,,
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SOMEREMARKSCONCERNINGNONLINEARIIUES

INAERODYNAMICFORCES

Thepossibilityofnonlinesraerodynamiceffects
andbuffetingcannotbe ignored.Forlinesrsystems,
bilitypointhasbeenpassed,a divergentoscillation

in stallflutter
oncetheinsta-
Occurs. h stall

flutter;however,ithasbeenobservedthattheoscillationswillusually.
reachan equilibriumamplitudeforfixedconditions.Sisto(ref.1)has -- “
pointedoutthatanyattemptto estimateamplitudesof stallflutter
mustconsiderthenonlinearaspectsofthephenomena.Inbuffeting-
studiesofthetypeproposedby Liepmann(refs.5 and6),itisnecessary
to assumethatthesystemislinear.Thus,theproblemofdetermining
thenonlinearcharacteristicsofoscillatingairforcesforstalledwings
isimportant.

Inthepresentinvestigation,a fewlimitedstudiesofthenon-
. linearityoftheoscillatoryairforceshavebeenmade. Twodifferent

techniqueswereemployed.Forthe10-percent-thickwingoscillating
inthefirstbendingmode,theaerodynamicdampingwasmeasuredas a
functionofamplitudeof oscillation.Forthetwo-dimensionalwing,
theoscillatorynormalforcesandpitchingmomentsat severalconditions
wereexaminedforharmoniccontent.

Ifa tingoscillatesin simpleharmonicmotion,nonlinearitiesin
theaerodynamicforcesshouldcausehigherharmonicsto appearinthe
oscillatoryairforces.Sincetheamplitudeof oscillationofthetwo-
dimensionalwingcouldnoteasilybe varied,theharmonic-contentmethod
of studyingthenonlinearitieswasadopted.At severalconditionsof
angleofattackandfrequency,theelectricalsignalsproportionalto
normalforceorpitchingmomentwerescannedby tuningthenarrowband-
passfilterthroughitsfrequencyrange.No significszstharmoniccon-
tentwasnotedforanyoftheconditionsexamined.Figure6 isrepre-
sentativeoftheresultsobtained.Sincetheamplitudeof oscillation
usedinthetwo-dimensionaltestswasrelativelysmall(nominallytl.2°),
itispossiblethatthenonlinearitieswhichmayhaveexistedwerenot
sufficientlylargetobe detectedby themethodused.

Theresultsobtainedforthe10-percent-thickwingoscillatingin
thebendingmodeat varioustipamplitudesareshowninfigure29where
theaerodynamic-dampingratioisplottedasa functionoftipamplitude
forvariousanglesofattackata reducedfrequencyofabout0.35.The
rangeoftipamplitudescoveredinthisexperimentrepresentsa tip
angularityfromt0.66°to*.3°. Thedatadonotindicateanyparticular.
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trendof aerodynamicdsmpingwithamplitude;however,therearediffer-
encesofabout25percentatvariousamplitudes.Thesignificanceor P
differencesofthissizewould,of course,dependuponthenatureofthe”
calculationinwhichthedamptigvaluesmightbeused.

s

.

.
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APPENDIXD—
--

-DEVELOPMENTOFDATA-REXX!TIONRELATIONSFORFINITE-SPAN

WINGSOSCILLATINGINFIRST!RENDING~DE

Themoreimportantfeaturesofthemethcdemployedto deducethe
desirednondimensionalcoefficientsofaerodynamicdampingforthefinite-
spanwingsoscillatinginthefirstbendingmodewer”epresentedinthe
text. Thepurposeofthisappendixistopresentthedevelopmentof
someoftherelationsusedinreducingthedatain somewhatmoredetail.
Someofthefeaturesofthemethodwhicharepresentedinthetext(such
asthemannerofaccountingfortherandomforce)me notincluded.

Thesystemisa cantileverbeamwhichhasattachedto itatthe
spanwisecoordinateyc en etiernalmass ~ andexternalspring&.
Theexternalmassandspringactonthebeamthroughthemesnangleof
attack~ as indicatedinthefollowingsketches:

Thesystemisexcitedby a verticalsinusoidalforceFoew which
alsoactsuponthebeamthroughtheangle~. It isassumedthatthe
motionofthebeamisconfinedto onedegreeoffreedom,namely,the
firstbendingmodeofthesystemwhichisdefinedas h = alhl(y)
where h isthebendingdeflectionofthebeamnormaltothechord,
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al isthetipdeflection,and hi(y) isthe
expressedintermsofa unittipdeflection.
is similarto thatinreference18.

Thepotentialener~ ofthissystemis

NACATN3643
.

first-bending-modeshape
Thefollowingdevelopment

% ‘iJLE;{~E1hl(y]}2w+~&E1h1CoS’]’‘D;)
Theeffectivestiffnessofthebeaminthefirstbendingmodeisdefined
as

.—..

Thus,eq~tion(Dl)becomes

%?

Thekineticener~

& al’%
‘2

ofthesystemis

-.
1’

.-

.

.

Theeffectivemassofthebeaminthefirstbendingmodeisdefinedas

41 =~Lm~l(y~ 2dY

.

.
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andequation(D2)becomes

31

Iftheassumptionofviscousdampingforthesystemismale,thestrut.
turaldampingisdescribedbythecdissipationfunctionwhichisdefined
as

or
.2

D ‘;%%

Thevirtualwork
systemwhenthesystem
is

5W doneby theexternalforcesactingonthe
isdisplacedthrougha virtualdisplacementbal

JL
5W= -YcpVTeC!osG ba1c&lh12(y)dy+ F&alhl~yc)cosE

o

Thegeneralizedforceisthen

Theaeromc forcesassociatedwithaccelerationanddisplacement
havebeenignoredinthisdevelopment.Theexperimentaltechnique,
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however,
foreach
equation

where

.

NACATN 3643‘
,

accountsfortheseforcesinthatthemeasurednaturalfrequency
conditionwasusedinreducingthedata.By useofLagrsngers
ofmotion(ref.18)it canbe shownthat

,

Ca -JoLc~dYj2LiY= YrpVFeCosa

--

Itisdesirableto determinetheratioofaerodynamicdampingto
criticaldampingofthesystem.Criticald&npingisdefinedas

Since

then

wJJ12=%

ccr= 2q&

and

‘cr 2UJ1M15

Thisexpressionmaybe rearrangedto solve
sionalaerodynamic-dampingcoefficientFe

fora moregeneralnondimen-

Fe = ‘cr .–

‘“ C“s‘&L@~12@

—

—. —“” -6 “-

*--

—

.

b
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andinterm of conventionalflutterparameters

&

Fe = cr
K.eCosE

where

and

In orderto solveforeither& or Fe,thenaturalfrequency
cr

andthegeneralizedmass % mustbe known.

As mentionedpreviously,~ wasdeterminedexperimentally

WL

at
eachtestcondition- a procedurewhichautomaticallyaccountsfor
aerodynamic-stiffnesseffects.Thegeneralizedmassof thesystemwas
alsodeterminedexperimentallyby measuringthechangeinnaturalfre-
quencyproducedby attachinga Wown concentratedmassto theshaker
coil.Thenaturalfrequencyofthesystemwithouttheadditionalmass
is

~2Ke’=—
-L Me

andthenaturalfrequencyofthesystemtiththeadded.massis

2 G0.)1=A

[ 1~+~hl(yc)COsti2

where ~ istheaddedmass. Fromtheseexpressionsforthenatural
frequency,itfollows-that

.
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J%= L .-l
c1

%’ ~—.
~A2

Sincethedeterminationsof ~ weremadein stillair
a vacuum,thevaluesofgeneralizedmassobtainedwould
theapparentmassoftheairsurroundingthewing.

.

.

ratherthanin
correctlyinclude

—

.

.
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Figure 28. - Concluded.
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Figure 29.. Variationof*rO@amic-dampingratiofor10-percent-tick
tingwith~11’t- Oroscillation.k = 0.37.
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